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3Gr3Jic.nt.bridge measurements of tempc1a;bre differerrce art: m d e  at 2 sensitivities, n i t h  3 ratio of 10 to 1. 

by making all bridge nieasurenients with bipolar 
excitation and by nieasaring the ratio of the output 
voltage to the excitaticn voltage (fig. 11.2). 

projecting above the l i i n x  surface st 11;: probe 1 site. 
\VIien this cectjon w3s wyitten, suriiii:~-tempcratiire 

and subsurface-tcmpcrature d3ta hail bccn recorded 
for nearly o ~ i c  and a ha l f  iuriaiioii cyc:cs. DurinS tile 
first 1uriar.noon (.higust 6) .  a fuil cc l ipx  of the Sun 
by the Edith occurred. The tl;e:~;~ocoupics recordcd 
surface-temperatiirc data i l t  5 4 . 5 ~ ~  i i i it:rvals during 
this eclipse. Six in situ coniiuztivity ~ i i e~su re i i i en t~  f o r  
die low raxtge of values also have been conducted. 
OidY three of thcsc ~;;cr;sure:ncr,:s are repixtcd 
hcrein. 
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FIGURE 1 1-3.-Panoran]a of the heat-flow-experinient ercplaccmeni site (composite of phu!oF1aphs 
ASiS-e?-11847 and  ASlS-S7-1 1843) m d  ;1 cutaway h . ~ \ r i i i g  of the heat-prubc and thcrmoco:rplc 
Iccations. 

arotind the borestcm; initidly, however, the borcstem 
and prob es will e q  uil i b r a tc to Lva r d t em pc ra t u r c  q t 11 at 
exiFted in the subsurfxe before emplaccnicnt. .By 
applying the tkeoi-y of the cooiing of a cylinder, 
which is discussed i n  thc appendix of this section, it is 
p o s s i ! ~ ! ~  to deduce the unJisturbed iellrpetature 

.profile a t  depths where diu111a1 variations are ncg- 
ligible md to obtnin some c s t i i x ~ t e  of the rhernxl 
properties of the lcgc.!i:h from the first few hiindred 

The tsniperature historics of all subsurface ther- 
monieters and tlie evolution of the profiles of 
temperature as a function of dept!i for probes I nnd 2 
are diC\Yi i  in figures I14 and 1 1-5, respectively. A11 
sensors initially cooled very rapidly, and those 
sensors a i  depths greater t h a n  0.7 in coniinucd to 
cool r:imotonical!y with tinie and werc still cooling 
aftre 300 l r r .  'The tiicrinoiiictcrs at  dcpths less than 
0.7 i i i  rejpoiidcd to the high tempersturcs of tlie 
borcstcni pro~ecting above t i l e  suifacc. TIx tcliipcra- 
lure i!: thc top of the probe 1 borestc:n, w!!icl? is 
pro.iccting above the scrf;ice, w a s  348 K ai h n x  
noon. As shown in f -p rc  I 1-5, a n  obstrriction 
preicr?tcd heui-flow probe 2 froni passrn:: :o : !?e 
buttt;i:i 01' tlic IioIc; colljccjliclltIy, iIic p1:liitiurn- 
rcsistlirrcc t l~cr~iioi~icters i l l  tlic rop scc*!ion ;ire riot o n  
~ k .  E i c  cGcj!d,;\< L; J t i r : l t io t i  01' p r d x  ?. i s  iottgcr 
tl1:111 th;r[ of probe I ,  prob:ib~y i)cclitijL\ of ~ I I C  tower 

. hours of cquilibraticii. 

conductivity material surrounding flie bores?cm and 
die higher initial hens input Ciat resulted froin 
extended drilling. 

. 
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(11.3) 

whcre Y ,  = 7'1 - T L .  v\ = T: - TA and T I  alicl T2 
arc two temperatures sclcctcd fr1.m tlir lulig-!crm 
cooling history at :iliic.5 i l  atid f 2 ,  resprctlwly. I'iieii 

thc true equ:Iibric:vi teii;p~r:tt:lte is simply T& t 6 .  
The equilibrium !citipcr;tture dcterriii!ied in this way 

, is indcycndent o f  thc inttilll-tcniper:tture estiirinte. 
The cqui!ibrium tctiiper~tiires for all seiisors I ? O ~  

iffected b y  rlx dii1:n:iI variation are shcwn in table 
11-11. The KIIUZS also 'rc plottrd as fuac:ici!is c.f 
dcptli in figures 1 1 4  .and I 1-5. 'Ilx accuracy of ti:.:x 
equilibriiini tcnipcraturej is ?O.OS K. 

At the probc 1 site, the subsurface tcmperature, 
which increases reyiiarly wi.irh depth, is apprmi- 
niatciy 153.0 K 3 t  a depth of 80 cm. Thc incre3je 
along the lower 60 cm of probe 1 is approsimatr.iy 1 
K. For probe 2 ,  thr. temperature a t  a depth cf SO c n  
is approsimstely 250.5 K. The two probe 2 sensws 
that are iinsifected by the diurr.al variation: indicate 
an increase in temperaLure with depth a t  3 :ate 
comparzble to the rate dctcctzd by the jxobc 1 
sensxs: This 3rsdient ir, :eiiiperatu:e is 3. rcsu!t ~ l f  ?he 
outward Ilow of heat from the Moon. 

< 

' 

' 

Equilibrium Tempcraturc Diffcrences Aloxg 
the Heat-F!mr Probes 

The gradient and ring bridges eiiable nicasureriient 

of tcni1icr;iturc diffcrctme bcttvccn p i i t i t s  47 ciii ~ n c l  
28 cii i  a p r t  o n  the probc wirli 311 accutncy ot  trJ.001 
K. wliicli is fa r  greater tIi31i tlic accuracy (if tlic 
abscilutc-tcriipcraturc iiic:isurciiierits. Aii ;Inuiy:is sitlii- 

lar to thst tiscd for the eqtii1:bx:iaii of thc intlividiid 
sc'nsCm cu i  bc iiscd to extrapolate tlic tciii!;cra:urc 
differences to equilibrium values, By using the first 
fern1 of equation ( 1  1-13] in the appcndi.i. the 
eqiiiiibrium teriipcrature ditkrerice A7& be:wecn two 
points on the probes is givcn by the csprcssion 

ATa = - (11-4) 
12 

. 1: 
1 - -  

wlierc ATI and A72 are tempc:zt:i;e differences 
meastired :it tiincs t l  and t2  ~ respectively. Equation 
i 1 . 4  is valid only for very long tiines ( t  > 300 hr);  
c o i i s ~ q ~ i ~ n t l y ,  only those Jifferentisl therinoiiictcrs 
th:>? have not been affected by  the diiirrial variations 
in tltc first f;.w hundred hours c;f obscrvaiion c2r. be 
uscd in  ;hi5 z!islysis. 
. l h c  ordy differential thermometers that hnve not 

beci? affected by the d i w x !  variations are thost or1 
the hottcni section of probe 1 .  The ca lc i l~ tcc i  
eql.iliSriirm-tctiip-=r.lture difftrence acrnss the p .~ndi -  
ent biidgc on the bc;:toni scction ofprub.  1 is 0.779 
K and. ~ C T O S S  the ring bridge, 0.4S3 K. Thzse rr.qil:j 
can bc interpreted in t e r m  o i  t!ic ten:ceeraturz 
difference betwecn adjacent points 011 t l ~ c  boreste1.i 
wali by taking into account the efft:ci of radiative 

83 I 251.96 
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96 1 250.70 
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Note T h e  irpprlno,! sensorc, T C l l A  >I?$ T?i;A. 
Note: X indicates a calculatcd equilibrium temprdture 

diurnal variations during tne first lur,aficn. 

recpndrd to the lernprra'crre vJr;Jticn at the tDp 
Of !he borertern, ahtlr file cll,cr 5ea;qJrj 
did not scem to be Jffected. 

of t h e  five senscrs unall,:ii:d bj tile 

Time after emplacement, hr 

FIGURE 114.-Tcnipcrature liistorics of the sensor< 011 hcat probz  1 durirlg the f i rs t  300 hr 3ftcr 
empiaccmcnt. Tl ic  sub\urf3ce cconietry of the r r o b c  a ~ d  tcn'per31tirc a5 3 f unc t i cn  G f  dcpth are 
shown on the Icft. Tr rnp r ra tu rc  as a function of t ~ m c  i p  sho\\n on Ulc nght. 

Note: X indica!es a calculated equilibritlm Note T h e  up?ernost sensors, TGZ:A and T1722A. 
respadi.6 to !:I? terinp:ra!ure ~3:ia:jcz a! the :sp 
ol.thc borestem, v ,n ik  the Gther :,eajG:s 
did not s ~ e l i i  :a be afieclal. 

of the two k t tom sensors. which 
were unaflectr:! by thz diurnal variations 
during the f i r s t  lunztion. 
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coupling bctwccii the walls and ~ l i e  probe a n d  the 
. finite ni31 coi?dL!ctniicc o f  tlic piobc. l h c  I C I I I ~ C ~ : I -  

ture difference over tlic probe i s  al\vays sli$tly lcss 
t l im the tcii!pcr;itiirc tliffcicncc bctwcer! tlic adj:iccnt 
poiiits on the b\)ics:cni. ?'!IC i n t i 0  o i  tlic two. v,+icii 
is called the shorting r x t i c ,  W:IS Jeterniincd cspcri- 
iiieiita!ly in thc 1:ilwratory for d i  section of !!:e 
probeg. Thc telil?)crutilie tlific:cnc.es a t  poinis i n  tlic 
borcsteili adjaccnt io the diffrrc~itial tiicrmomettrs 
after tlie sliorrin: ratio 113s been applied are listcd in 
table 1 1 -I 11. 

The relatively high axial conductance of ihc 
borcsteni results -11 some asial shunting of the 

. steady-slatl: heat flow; thrreforz, to determine ilte 
undisiiirkl gradicr;; (i.e., the gradient a t  large radial 
distarices from the  boxstem), suint correction ni.ust 
be m a d c .  ?'hc ~ I i t ! ~ i : i ~ i g  effect can bc cstiriiated by 
modeliiig the bor2jte:n as a prolate spheroid s2r- 
rounded t y  a iiicdiuni with a lower coi;duc:ivity. By 
u s i q  an effective :!xi;\\ coi!cI:ictivity of 2.3 x IO-' 
l i ' /c~ii-S for the borcstc!n and 3 l unz r  conductivi!;; of 
1.7 x lo4 \ \ / ;cni-~,  the rnod:~ indicates tI!at 3 

pIus-1-~ercent c~ i r r c i t i i~n  s!i:)uld bc applied to tlic 
borestcin tcniperzti:te gradients. This corrcction has 
bccn ay:plied to thc tem?er;itrirc giadients listed in 

. 

tithle i ; - i f f .  . 
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I 1 I I I 1 1 I I 2471 1 2 -  
0 30 60 90 120 1% 180 210 240 270 m 330 3co 

Solar phase angle. deg 
I I I I I I 1 

July 29 Aug. 3 Aug. 8 Aug. 13 Aug. 18 Aug. 23 ' AUP. 2s 
Time (first lunation), day 

1 I I 1 I 
Aug. 28 Sept. 2 Sept. 7 Sept. 12 Sept. 17 

Time lsecond lunation), day 

FIGURE 11-6.-Tenipcrature as a function o f  solar phase angle for probe 1 misors T R l l A  and 
7 G l l A  (the sensors that dctcct diurnal variations) for the fust one and a ha!f lunations ;Lftdr 
emplacement. 

borestem tha t  see diuinal valiations cannot be used to 
dcterniinc gradients r e l a i d  to the he;: flow frcm the 

.lunar Interior until the effect of tempcrature- 
dependwt  conduction in the borestem and the 
stir:o:;iidin; 1u1:ar nisterial is xi;i!yzed and the effect 
qumtitati\i:ly dctmnined. Such a n  anslysis is beyond 
the scopc of this p;cliininary report, but the analysis 
will be niadc cn futurc subsurface-temFfrar >re data 
after the upper pari of thc \>orestcin has ecl\Ii!ibmtcd 
nc3rcr 1 , )  t!?c mc3n perioclic stead;*-statc teiiil~rature. 
This nrinl>.sis will add two i i idcpcndwt nicasuremmts 
or iiertt now tu the ieslilt aircady rcported Iicre. 

. 

almost exclusively on the solar flus) and by usin3 the 
reduced thcrmocouplc fanperatures to ob[zLn luna- 
tion niglittinie surface texnpmt tircs, a iwan lunar- 
surface temperature of 217 K (53 K) \vas obtained. 
Tliis rcsd t  indicatcs an ibcrease i: i  rnenii tcmperaturc 
(35 I( higher thzn the i w a n  surf3cc tempcrature) a t  
dcpihg beyond which t!ie ctiarnal mi iation pcncirnres. 
This phenoinenon cnii b+; exp1rii:ied i i i  tcriiis of 3 

strong icmpcrature dcpendcrice cf t!ic t!x: r r s ~  cor.- 
ductibity, \ ~ l ~ i ~ l i  previously h a s  btcn  ili;.l*siig;ittd by 
Linsky (icf. 1 1  -4) x i d  otiicrs. Bee::;;;: of  thc near 
lack of 3n atriiosplicre on the >loon, r;di;:ivc t i a m f c r  
of heat between srd fl!toi1$i ~::r! ic!rs of  ;!;e lu!?::: 
fiiies can cwtr ibutc  s i~n i t i c . ;~n t ly  tc1 il:e ct'fxtive 
tlicrn~nl contIiicti\it$. Ibis tcli?!:i.rn!tfrci!~'t)cn~!~rit 
coiiilL1cti\.it)r :US k x i i  f;wicl to obcy ;I iclstioii u i  t h ~  
form (ref. I 1  -3) 

. .  
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vhert: kc is the contributiofi from ccnduction and 
k,T3 represents thc radiative cschange between and 
through particles. Linsky (ref. 1 1 4 )  has used corn- 
puter mgdels of the lunar surfacc to evaluate this 
effect in the abserxe of a steadystate hcat flolv. By 
interpolating' from tliese models, the relative contri- 
butions of tlie c(~~t!dticiivc and radiativt: tetnis can be 
estimated. For a dificrence of 35 K i n  niean 
tcmlxrature between the surface atid tlcptlls at which 
no significant timc variatiotls of tempcmtttre exist, 
the ratio of radiati7.e to conductive tct iiis is apprurri- 
Inately 2 rlt ii tcil1l)cr:ittire of 350 I;. 'Flit; relatively 
sinal1 steady-state gv'idicljt (1 .7S I<,'m) p r o i u e t l  by 
the nicasurcd stelid).-state !lent tlow wi!l have only a 
slight effect 011 this ratio. Co1idiic:ivit:i tilc.l>i.r<iii?nts 

havc bccn perl'ornicj for a \vide r:itiL,t ot' tctnpcra- 
tures 011 rctu:ltcd Itiixir s;iti1p!cs froin !!IC A;XJI!:> ! 1 
and 12 missiuns ( r i f .  11  -9). The :t'>ltlic 3150 iiidtc;itt' 
tlic si,onificnt)t tciiip-ratitrc dt'pc'iidciic.c' d cc : :~ !ac-  
tivity. For Apollo 11 arid 12  s;implcs, tiic dat;i ci!cd 

CONDUCTIVITY OF T H E  REGOLITH 

Preliminary Deductions from the 
tieat-F low-Probe kl istories 

Tiic 13ic of eqiiilibratiun of thc pr:.jbes dc::c:l3\ cii 
~ I I C  tl!ern!d difG.izivi!y K UT iilc siirto!i.idtt:i: i!tna; 
niatcria!, LIX ratic) 01 of 1ic;it c,i!wcity per iiiiit wltiiiie 

in reference 11-9 indicated that  the ratiss are 0.5 3i:d 

1.5, respcctivcly. The conductivity of  the nioie l i i $ l ~  

temperature-depcndent luiizr iines from rhe Apollo 
12 site sccm to be morc comparable to the u p p u  
regolith conductivity at tlie i-hdley k l l e  s i x .  Further 
refinenicr? t of surface-thermocouple ddt3. combined 
with a more accurate dctcrmination of i : ~ ) i ~ d ~ ~ ~ t i ~ i ~ ~  

as 3 funciioti of depth rcnd diiect t1;cajt!!cii;<tiIs of 
the conductitity of rctumcd Apollo 15 saiaples, v ~ i l l  
result in die fiist directly melisurei! profilc of rcguli:h 
condxtlvity to 3 dcptli of 1 .S m. 

. .  . .  
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of thc lunar niatcrial t o  tlic hc;it capci ty  p c r  unit 
volunie of t!ie Iiczt probe. ;lad the c c ~ t a c t  con- 
ductnnccs I l l  and I f 2 ,  whcre 

. .  

a = 2 r ; b * P C / ( S I  + & )  
c = heat capacity pcr un i t  niass of the surrotind- 

p = density of the siirroiinding lunar material 

H, ,HZ = contact conductances of the inner- and 
outer-cjliiidcr b c u  ndarics, rcspcctively , 

A more coinplete discussion can be found in tlie 
appcndix of this section. By using an estimate of the 
volumetric heat capacity of the lunar inaterial pc, a 
value for or can be determined, because the tl!crtiid 
propzrties of the probe and the borcstcm are kiionn. 
From an analysis of the cooling histary of thc probes, 
an  estimate of the diffusivity, and, thus, the coiiduc- 
tivity, can be made. Xleasureinenfs of the heat 
capacity of snmples that represent a wide range of 
lunar rock types result in ver:/ uniform v a l x s  (ref. 
11-10). The dcnsity of the rcgolith niateiial is quite 
variable; prcliniinary rneasu:ements of ssmples takcn 
by cere woes 2t  the lladley Rille site result in valucs 
that range from 1 3 5  to 1.9 1 g/cn3. At the depth of 
the probes, the densitics are probably near the high 
end of this rqngc and riot so variable. For thc anr;!ysis 
described in this section, a density of 1 .S g/cm3 and a 
heat capacity of 0.66 IV-sec/g-K have bcen assumed. 

It is not possible to dctcrnline a value of ~ ' f r o r i ?  
the ratios of ternpcratuxs a t  various times durin: the 
c o o l d o m ,  because, as the long-term solution iiidi- 
cates, the tenipcraturc ratios depend solely on the 
ratio of the times. Bullard (ref. 1 1  -1 1 )  hiis painted 
out this property of cooling cylinders in his dis- 
cussion oi sea-flncjr heat-flow nieasrirements. 'To 
estimate a value for K ,  t h e  initid teti!pcrature must be 
known. Estiriiates of tile initid tciiipcraturc czn be 
Inrlde by extrapols!ing data recordcd soon after thc 
probcs wcre inscrtcd to i!ie tirlic the borcstcln \WS 

enipl;icccl. This cstimate is cunsidcrrd to be a mjiii- 
nium ~ ~ l i i c ,  1w;:ii:se cooling during the lirst scvcral 
minutes is f;i.;icr as a resalt of enli;tnccd rali3tive 
transfer at high tciiipcratitrrs. Altcrnalcly, I i i C  :is- 
sumj?tion can be iiiadc !!I:it I l i c  iI:i1i:il tel!ipCrJtiI!C 's 
tlic temperatiire of [lie borestcm bcforc cli1!!iLic<:- 
m a i t ,  plus scmic cstiinatcd tciilpcr;it(!ic ribc 3s ;I rcsu!t 
crf the I i ~ n t  pi ndiiicti [!iiri:lg :I1 illiii;:. Tth1iipCr;itiirCS 
rccordcd bcl,rel cmpl:i;i'iiient by prohc 2,  wliicii \vies 

ing lunar inaterial, W-sec/cin-K ' 

g/cm3 

W/c~ii' -K 

. 

' 

. 

stored temporarily in  thc drill rack bctwccn EVA-I 
and EVA-2, w t  uscd ;IS 'cstim;itcs of l hc '  borcstcm 
tcmlxmture bclurc cmplsccnicnt. The tcmpcratwe 
rise tliat rcsiiltcd froin JrillinS is estimated to be i 5 
K/niin, b.iscd on cstiniatecl torque Icvels. ?'lie initial- 
t e i ~ i l ~ r ; ~ t u i c  estimates b a d  on thesc assumptions are 
considercd to be ninxir1iiini estimates. 

The cooling histories of all subsurface scnsors that 
arc not affcctcd by diurnal variations were analyzed 
to deternli!ic :hc conductivity of the rurroundi!ig 
lunar niatcrial for the two liriliting es;ii!iatcs t b f  initial 
tempeiature. By using tlie equilibriani tein!xratme 
Tm for each sensor. tlic ratio (7 ' - -Ta/ (T0-  T,) was 
determined for the first few hundred hairs of 
equilibration. A typical plot of this ratio as a fuiiction 
of time is shown L.1 figure 114. Th:: proccduic for 
determining conductiLity is t o  make an iiiit::!l esti- 
mate of the parameters h and A ,  where 

h = k/bHz . 
A =&rK/b2(S1 +&) 

= SI / 2nd i ,  
a = radius of thc ilirici cjliriclcr (!xat-fLw prcbe) 

in centirnetcrs 
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Tien ,  by equating observed teniperature ratios for 
sevpral tinics ili tlic coclitig liistf.?ry wtli  tlic r:ltios 
conipured from cqiution ( I  1-12) i n  !lie appcndis. 3 
vduc for tlic dinicn~ionlcss parmeter  7 can bc found 
that currcspcds  to each time. Once a value f o r  7 is 
known, k can be dcteriiiincd frorii tlic rclatiori r = 
kf /pcb2.  The conductivity value determined for a 
large valuc of r will be the niost accuratc, because, a t  
long t imes,f(A,h,a,;)  is nearly indcpciident of iz and 
A ,  whcre/(A,h,cy,r) dcsignates the riglit-liarid side of 
equation ( I  1-1 2 )  in  the appendix. By using tliis initial 
long-tinic estimate and ~~t i ipa r i sons  of observed and 
computed ratios at  early times, a best value of k and 
H2 c m  be determined with two or three repctitions 
of thc procedure. 

T1ieorctic.d curves titted to the data obtained fi.ciii 
sensor TG12A by this procedure and ratios for both 
limiting i n i t  id-tenipe rat ure estiinatcs are sliown in 
figure I IS .  ~ i i e  pa rme te r s  / I  and' A iiave been 
chosen to tit data for times greater than 6 to 8 hr .  
i h e  tlicoretical curve a t  earlier times lies well above 
the observed data; howevcr, it is not possible to find a 

-value for I f 2  to fit data vhtained at tinics earlier than 
6 hr witliout degrading the f i t  at  later times. To 
obtain thc most accurate value of h', the curve nlust 
be fit :u 11.2 data !-or i xge  values of T. 

In tsble 11 -11, the maxiniiirn and nlininium :on- 
ductivity values determined by thc procedure are 
shorn arranged in order of incrzasing' depth. The 
condilciivi.iiis th3t Kcre dcterrnincd foi  minin:um 
and maximum initial-temperature estimates differ, on 
the average, by 50 percent. Thc more accurate 
conductivity :neasuien:ents. which werc made by 
using tlie heaters that surround tiic grzdim: sr:n:o::, 
iesulted in va1i:es that lie Ivitlun ihe ranges h t c d  hi 

table 1 1  -111. . T h e  deduced ccndiictivity valucs arc 
iorisidcrab!y !iiglier than the v a ! ~  obtained r't oni 
rneasiirciiicnts on retarncd luna r  fines. The vdur: for 
the returned lunar fines is approstmate!y 2.2 X IO-' 
\V/cni-!: at 250 K (,ref. 11-12).  17ie higher con- 
ductivity vulucs t1i;it \vew obtaincd may be reprewit- 
ative of iragmentr!l rc_coli!h :iiatsriaI i n  a inore dense 
and compressed statc tli;in thc surfacc fines. 

upjwr section of probc 2 wcrc riot lutiicrl OII bccunsc 
tlie pctient britips werc off scrilc. Vx riiotlc 7, 
nirnsurciiiciiis iiidicittcd tllc sullsurlace conductivity 
to bil in tlic lower range of  iiieawrenieiit and .  in 
addition, sliowcd tliat 3 substaiitid contact rcsis?:iirce 
exkts between the borestcm and the lunar riiateriai. A 
dccjsion i n s  made, tlisreforc, not to run tlic niode 3 
(I@hconductivity niodc) i;ic~surciiietits a t  tlus tinie 
beuuse of the possibility tha t  tlic gradient sciisors 
might reach tempcraturcs potentially d3ligCrctiS to. 
the sensor c;t!ibration. Mode 3 iiieasiireiiicnts are 
planned at some future tinic after the efl'ects of  
hater turnon are cxnmincd hy usins the conduc- 
tivities dctcrrnincd froin 

Three of t k  conductivity nicasilrcmetits hnvc been 
andyzed. Two of these measurcinents werc obt:iined 
by the use of heaters on the lower section of probe 1, 
the section across wluch the best teniperature griidi- 
ent was deteriiiined. nic third nizastireincn! \vas 
obtained by the use of the upper heater on !he !ower 
seciion of probe 2. 

The interpretation of the response of the texipera- 
ture-gradiciit sensor to heater tunion, in ternis of the 
iunir conductiviry, is accornplisbed by usir.2 3. dc- 
tailed finitedifference model (ref. 1 1 -!3 j. A .;inipk 
analytical mollcl of the gnJiCn&-sen\or loris-izri.1 ( I  > 
20 hr) peg formaice dcduccd fiic;,; :he experimental 
d a b  and the finite-diffeience models will be briefly 
dkusscd it: tli;? following paragraphs. 

Biz temperat7.m ir?crease as  3 iunction of tinic a! c! 

giwr, liCater-s<1ijor iocation upon !ierircr tiirnon 
dcpcnds on the quantity of heat gcn,nratcd and t l d  
rate 3.1 wiiich thc gccernted heat can diii'usz outward 
from the heater source. ni;s r::tc will cfipend on the 
tlicmial piopcrtics of tlie material tliat sulroutidj !I).< 
sovrce. The heat wi!l p ropgate  a?cia!ly along the 
probe 3nd radially from the probt: to thc c'rill c.:ising. 
ac ras  tlic contact-resistance layer outside the c;iSiriF, 

and into the l u n a r  nicdiitrn. Iloth radiative t r a i i j i - L r  

and condwtive transfer ai2 involved i i i  thc disaipatioii 
of heat. Shortly af te r .  liciitci turnon, the ~ i ! e  of 
tanpcraturc- increxe at  the gradient x i i sor  will 
depend pri,ii;irily on thc thermal propsrties of t h e  
probe and ilic Lorestcni U i  tlie imiiicdiate ViLirii i ; ;  of 
the heater arid on tlic resistive 2 : ip  betwcc!~ !he 
pi&. a x !  the borcsicrii arid I)ctwlvm [hi. ticrc;tc:ii 
and die Iuixir  :iiater:aI. )IS T I X  t i c a t - s c l ~ ~ ~ r  plot>#: ~-.I!-IS 

2nd 1 1 1 ~  tjotc\tctli tciiiiwratt!rc j~ici  CSZC~, ;i tc!'i;wra- 
t u r i  drop is establislicd across tlic resiztive g,ap%. Clicii 
this tctiipei:tiirt. di:'Icicocc builds t o  :t rc1:itivclj. ia rgc  

modc 2 results. 

I 
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value, heat wdi flow out fro111 tlic borcstcin, across 
the coritn~i-;c~!st.~r:ce i i ~ p ,  .ind i n t o  11ic riietliirm; and 
the 12tc of twiperaturc ir:crcasc :it the xiisor will 
level off. X i  lofig times (tiliics gre.iit.1 t h ~ i  1009 miii 
in this espcrimcnt). tlic :ciiipcraturc increax hip([), 
measurt-d a t  the scnsoi, closcly fits a rclaiion of the 
form 

where. C, and C2 are coiistants that  dcpend on  the 
contact conductances fi1 and /Iz arid the properties 
of the lunar material. Tic finiteiiiffcrencc thermal 
nicclel bf the p o b i  in tlie 1urw matcrisl s h w s  the 
.same long-term characteristics. Tlus relationship has 
tlie s a n e  form as the lOng-tCi111 solution to tlie 

. problc'iii of a unifornlly hezted infinite cylinder (ref. 
11-14). As in the m e  of the long-term soiu!ion for 3 

cylinder, it !us Seen deterinined from the finite- 
difference modi:ls that ,  at  Ion;; tinies hfrer heater 
turnon, t l i ~  co:istant Cl is almort soleiy a function of 
the conductivity of the surrounding material and the 
h e ~ t  input. Tlius, thc $!ope [ir{ri)-.6(fl)1 j ! ! : ( f2 ,h l ) ,  
for t i m s  g r a t e r  than IC00 I i i i i ,  is a sensitive 
nieasure of the conductivity of the surrounding 
materid for a constant lieat input. Plots of tempcra- 
lure increase as a i'unction of time for the thrce 
conductivity measurcinen+.s x e  Shown in f i p r e  1 1  -9 
and conip:ired :vi!h best-fitted rileoretical models. 

The magnitude of fcniperature :ncrex: at  any 
time grezter than 0.5 h r  aiter h t c r  turnon is very 
sensitive to the mngcitudc of the contact con- 
ductance >/?. The value of the contact c o d u c t m c e ,  
liwww, has ?o detecta5le eiiect on the slope of thc 
curve of Av 3s a func ; im of In([) zt :on: iitncj; 

' therefore, the determinztion of a value for k can be 
made iridependc.ntly of' Il2 by matching s!opcs at 
linics greater ilian 1000 :rin. By using this v,ilue of k, 
a value for /I2 was dctciinincd by varyink /I2 in the 
finite-dific;cl!ce inodeis Iir;tiI !he cspcrinientnl ciirses 
of AV as a funorion o f t  wzic b:cicketeJ ivitliin J m a i l  
to!erance. Esani:_.les of ~i:ud;.ls 111st brsckct (fie 
espcrinicnt;il c-urvis of ti c thrce in situ cxpcriinents 
are sliown i n  figwe 1 1-9. 

A railici accgrstc dcf.ci minsiioii of the C O : I ~ U C -  

ti\<ty of the lun;ir sut?siirl';!ce 111ate:i:il [hzt surrounds 

liratcr loca:ion 1123 (ihc Ioc:!tion of sensor TGXA),  
the long-tiiiic sl;pe data could !IC br:ickcteJ by 
moJcls of /; = i .3 x IO-' ;mi k = 1.4 x 10'~' W/cni- 

. 

. 

c:!<li 1itt;lter location tail I ) c  1:i:idC. 1'01 ~ ~ i m p l : ,  a t  

! 

K. A linear interpolation ~ b c t w c m  thcsc niodcls 
rcsiilted in n v ; i l i i ~  k f 1 ..V(L@.@2) X G'/ciii.K. 
: lowom, the assumption c:!iinot be m:idc t11:it the 
models rcprcscnt the physical situation this accii- 
rately; 3 value k = I .~ (+o . I )  x  IO^ ~ ~ j c r u - ~  would 
bc more realijtic. Furtlicr e.u;rminLition of' tlic cffec:s 
of the errors introduccd by thc- assumptioiis about 
the niodel paranicters (l'robc prtqwtics, Ii.ca[ -transfer 
linkages, ctc.) muht be insdc so thc ;ictual precision of 
the k values can be determined. F r c n  previous 
linlited paramctric studies, a range of 1.10 percent 
should reprcscnt a iiiasilnuni bound in the enor  of 
the k-value determinations. 

The best detcrrninations of conductivity va!~ies are 
listed in table 11-IV. .As shown in the table, the 
conductivity deterininations from the heater csperi- 
ments fall within the range of the k predictions of the 
initial probe cooldown analyses and indicate a sig- 
nificant increase of conductivity with depth. 

The contact-conductance \dues determined from 
the in situ measurements vary. The contact con- 
ductnnce probab:y corresponds to a thin zone around' 
the bores!em that is filled with : w a r  fines. if tht 
assumption is mzde that these fines have n conduc- 
tivity oi 2 x 10-~  W/cm-K, ivhicli is siniilnr to tile 
conductivity of tlie suifacc fines, the widt!is of tlic 
disturbed zones would be 2.7, 2.0, niiJ i 3 mrn for 
the locations of sensors TG??.A. TG12A, and ?CI2B, 
respectively. The larger value cfli2 a t  the 1ot:atIzn of 
sensor TCI 2b midit result from greaier compxiicui 
of the fines, rather than a iiiiiinor zone. Tile thickzr 
disrupted zona: around probe 2 may have !esultcd 
from the longer pcriod of driiling. 

STEADY-STATE HEAT FLOL"! FRO?/! THE 
LUNAR I N T E R I O R  BELOW TtiE 

HADLEY R I L L E  SITE 

Tlic conductivity of the regolith is shown by the 
iiie3sure!iients rc?uincd from the expcrirn:nt to be 
signilicnntly v.iiialik with dcyth OW[ !hi: lubirer 
section of ?robe I .  To cmipute  tire h c ~ t  ruv.' from 
tcnipcrjturc diifcreiices over a fii!!~c depili Ilitcrval. 
tlie tliernid rcsist,iiice must be known. 'The tlierinnl 
resistmce c3n bf- zslciilate~! frol?i tlic eqiutioii 

( I  1-7) 
J x  1 

wlicrc x, and x2 are the end points o i  tlit intcrvd. 

. .  . . .  . .  
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FIGURE ll-g.-Tziiipcraturc imrcasc as a function of tinic a k r  heaic; ; t i r n ~ ~ i  :'cy kcate:.; !oc:!ed :I! 

sensors TG22A, TG12A, and TC12U. 'l'!?io computed models that clod:: brxu.et thc data arc 
shown for each of the tliree h a t e r  locations. Teniperatur,: iiicicnse as 1 funstian of r i~nc  aftcr lC00 

' min is shoun in the inset on an rxpandcd scdc. Thc solid lines in the inset ;lie brsi fitting 
computer modcls. 

applied on the variation with depth fron. the ratio of 
the teniperaturc differmces measured by die ring 
bridge and the pi i i c i i t  bridge. !f the !IC.I: flov: ir, 
uni iom with de! t l i ,  the constraiilr r~.l:!irc:l by [tic 

ratio of ternpcratux differences is 

T h e  possible cordiictivity pi\?GlCs arc s l m m  L I  

I 
8 
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figurc 1 1  -10. I’rofilc I.3 is based on tlic trcrid of 
condriclisilics frcin lhc cooldown ciiivcs aiid obcys 

’ tlic ionstrain1 of cqii;itioii ( I  1-8). I’rofiIc A also 
obeys tlic coiistraint of cqiulioii (1 14) but iiiclirJcsa 
ui:iforin conductivity of 1 .7 \V/ciii-K to ;1 dcptli of 

25 X l o 4  W,’ciii-I; i n  uliicli tlic bolton; sciisor is 
einheddcd. ?‘rolilc A would rcsult in  a lower liiiiit for 
the heat flow; profile C iiidicstes a uniform increase 
in conductivity ovcr the probc scction. Profile C docs 
not obey the cznstraint of equation (1  1-8). but 
dcfincs an upper limit for the heat-tlow value. The 
trend of conductivity up  to  a.deptli of 50 cni that is 
indicated by thc probe 2 iiieasurenicn? niakes c m s  

’ .with higlicr conductivity than shown in profile C 
unreasonable. Bvsed on thcse thrcc profiles s?iown in 
figure 11.10, the teniperature difference over the 
lower scctioii of probe 1 results in the heat-flow 
values listcd in table 11-V. ?lie uncertainty of tlic 
conductivity measuremerits (510 percent) should be 
considered 3s error bounds on each of the heat-fiow 
vahics listed in tabie 1 1 -V. 

Analysis of data obt;iiricd during 3 full year wiii 
enable the previous dctcrminations lo be refined 
considerably. In addition, a comparison of the value 
obtained from the bottom section of‘ probe 1 with 
the values obtained from thc upper section of probe 1 
arid the lower section of probe 2 cui be ms& cjiicr: a11 
analysis of the effects of the diurnal variations has 
been zonipleied. 

TAR1.E I I-V.- I l ~ . ~ i - F l O i t *  ilultr Obtcritral 
Froi:t’tlic i,owcr Scctici!i o/’I’robc I 

.. . 

2.99 x I O +  Lower limit 

3.59 Uppcr limit 
136 ciii and.  thcn, :I lliiri laycr ~vitli a coiiducfivity of ucst valuc 

. 

70 
E u 

g m -  
a n 

110 

1 3  

0 Values deduced frcrn \ 
\ 
\ cmlmg curves with \ 

rnaxinurn esfmaios of 
initial tempzratu’e 

- 

- 

0 
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SURFACE TEMPERATURES DEDUCED 
FROM THE CABLE THEi?l\/lOCOUPLES 

Of the eight thcrrnocouplcs desiwcd to measure 
tlic temperature profi!c in the uppx ! .5 m of tlie 
lieat-flow borelwic, six presently ineasure tcinpera- 
tures that may be uscd to deducc the variation of 
;mar-surface hrig!it.i?ess tcmperatilre Iliioughollt the 
lunation period. Oi partictilar intcrest is the deternii- 
nation of tenipera:ure during to t2  ec!ips:s and lunar 
nights, which arc n:easiiremcnts diiiicult to obtain by 
Eaith-based teksccpic observs::Jr.. The therrno- 
cou2les in the cable of the heat-fiow experiment, 
lying G n  ar jus! above the Ilinsr surface, provide a 
11:cxs b; TWI thcs? :;:casar:*;n:nts c m  bc obtaisied 
a t  a :ampling rate previously unattainable (one 
measurement set each 51 SCC). 

During the lunar night, ?!IC !lic::c:couyles come 
into radiative balmce with the lunar surface and 
space. To determinc the reiationship Iictween the 
cable ten ipmture  2nd t!ie !uiiq-surfxe hrig!itncss 
temperature, the heat balmce fo r  a smdl cylindricd 
cable element of radius a and length til c m  !x 
conside:ed. The liest bdance for such sn  clciiient 
arbitrarily orienied above the lunar surface durilig the, 
lunar night can be rzpresented by 

. .  
L 
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6, = cable-clciiicnt eiiii!tnncc 

v = cable-clcl~lcnt vululnc 
= cahl :-e le I I icii t i 11 f r  ;I rcd ;I h sor p t a lice 

= volmictric heat capacity of the cablc dc-  pc 
nicnt 

TM = lunar-surfax bripJitncss tcmpcrature 
T, = cable-clenien t tcriipcrature 

For ebl = I and a flat lunar sur fxe ,  equation (1  i-9) 
reduces to 

.. 
The term 7 '2, wldcli accounts for the thcrmal 

. t ime constant o f  the cylinder, is retained only for 
eclipse calculatiuns. because the constarit is 011 the 
order of minutes. 

The ciientations of the thcrmocouples that are 
outside the borestcms are IJnknown. The tirile a t  
which a given thertiiucouple reaches the rnaximum 

. temperature and the value of that maximum are 
strong functions of the orientation of the cable 
section in wllicli the tliermocouple is embeddcd. This 
effect, wliich is s1ion.n in figurc 11-1  1, is 3 result 
primxiiy of the vxiation in the incidence ang!e of 
the solar radiation; therefore, luriar-surf3ce brightness 
temycrstures deduced during the lunar d:iy are 

, ' subjci-t io  error t h a t  restilts fioli; the o:ien!atior. 
uiiccrtaint ics. 

For the calcul:+tion of the lunar-surface brightness 
tempcratures, the assuniption \';as made that the view 
factots from the ca5le to space and f r a n i  t h ~  c'iblr to 
the surfacc are identical. T!:c irrcgu!ar horizon 
forriled by dic  Apciinine hlo:tnt3ins increases the 
effective view factor to the l u n x  surface, and tile 
view factor to space is reduced correspoditisly. 
Some of thz t h ~ i  liioioltples may  be C ~ O S C  Ci iOl i f l i  to 
the sirrface sc) :Iiat local topographic irregul3ritic.s 
affect thc. Iiorizoii scci; by t l i y  cahlc. For a IO-pcrceiit. 
incrcase i l i  the eft'cctivc view uc:i to 111: topograpliic 
siirfrtccs; tlic ca~ctitateii su;F.icc txightriess tfllipera- 
turcs wuiild be reduced by 3.35 peiccnt during thc 
lunar ui$t: 

A I I IOIC st.ri.xis error in lunar-r,iglit cdcuI;1tioIIs 
results froiii tliz iitlcciti~il1t~ i n  111c vaiucs o i  t l i<  <.rblc 
absor 1) tance a d  ciii i t  t :incc. For !hc I C  nipc: ;: 1:: : CT 

given in I'igi:rc ! : I?., !!it eniitt~incc-to-nbsori)13iicl~ 
ratio i7;:is assiiit)d 11) bc ~ t ~ i t y .  A 2Cl-llcii\:iii iilb.rcasc 

in this ratio would rcsult in ; in  incrcasc uf 4.5 pcrcent 
in tlic cilcuhtcd v;iIuc of i l ic siirfiicc bril:!itncss 
tcniiwralurc. A value 0l0.07 !\:IS cl:oscii l o r  buth tlic 
cable iiifrared cniitt;ince and :ihsorptatice, whcrc tlic 
assumption ,wx n i d c  t h a t  thc scctioiis of cablc in  
which the thcriiiocouples are embeddcd are cowred 
by a significant amount of lunar-surface material. 
Photographs show that  most of the cable arcas arc 
coated with luna r  niatcriiil. 

The sitrface-bri~litncss-ternperatur(:ipcrat~ir~ history for thc 
first lunar night, 3s deduced from tiieririocouple 
temperatures-, is shown in figurc 11-12. A very rapid 
cooling of the siirfxe is indicated for the first SO lu 
after sunset; subscquen.!ly, the rate of cooling slows 
significantly. A cooling curve (ref. 11-15) based on 
astronomical observations at two different latitudes is 
shown for coniparison. Two tiieore!ical curves based 
on finite-difference calmlations of thermal models of 
the lunar surface and subsrirface are also shown. 
Curve A, which is derived from a model with a linrar 
conductivity increase startin:, nt. a depth of 3 cm 
(inset, f i g .  ! 1-12), dupka te s  the rate of cooling for 
tinies greafcr than SO hr ,  ivliereas curve B, which is 
based on a tempcr.turc-deptnident-conduc t ivity 
model (ref. 11-12), duplicates the earlier part of the 
observed curve. For both modcls, the lieat capacity 
was defined by  the fol!owia:: equation (from ref. 

c(T1 = -0.034T''2 + O.O@ST - 0.0CD2T3'' 

11-16) 

(1 1-1 1) 

The ajssrncd densities are 1.2 ,s/crn3 for ciirve A arid 
1.0 2'cni' for curve B. The flattcning of the obscrved 
curvc could, in parr, be a result of a sig;rficar.t 
increase in density i n  the uppcr sevei;ll c~titii:ir.teis. 

The temperature dependence of conductivity that 
is indicated by the cooling curvcs is in a g r t ' m m t  with 
the large increase in incan temperature dscr ibed  
prcviously. 1 IIC substantid increase in ct.)!:diictivily 
and density with depth t h i  is swgc.;rzd by the 
fl:!ttciiiIig of the  cooiing ci:rves is in ag!ectrie:>t v;i!Ii 
esrlicr cunc1u;ions tLat wcre based on 3stronomicsl 
obscivations (e.g.. ref. 1 1-16). The n i c d ~ a i ~ i c a !  prop- 
erties ut' the soii IllcajlirCd ticar the i\polio i S ;\LSF.P 
sitc revcalrd ti131 tlic siicar stretigth increascd rnpidiy 
with tlcptli it: thc lipper 20 ciii (scc. 7). l'liis inircls:  
in  sIic31. s l r c ' n~ t  ti prubably i q  rclatcd to 3 ncar-stirfucc 
Jciisity g ~ a t l i ~ i i ! .  

Surface brichtncss tenipcratrircs during tlic uiiibral 
st;lgc of tlic Au;liist 6 eclipsc wcre dcducod f r o m  tlic 

\ 
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FIGURE 11-1  l.-TliermOL:ouple ietiiperatures a< functions of tinie for the second lunar day. 
Thermocouples TC12 and TCl3 inrasure tite ! robe 1 cable tomprraturrs; TC22, TC23, and TC24 
mmsu:e h e  probe 2 cable temperatures; and '1614 mcasurcs the probe 1 borestcm !enip:r:ture. 

tliermocouple temperatures. For these calculstions: 
. the thermal time constant of the csble must be 

considered. 'Ihc thr::nnl IIISS cf the csble per unit 
length in which the tliemiocouple is ilmbcdded was 
estiinated by summing the properties of the 35 
conductors. Uncertainties result from the fact that  
noise in the t h e r m x o u p k  rne3siireiiimts makes an 
accurate determination of the s1o;;c. diffiailt. A 
sainple of  thermocoi:p!c- d3t3 for the later part of the 
umbra was reduced by determining t i s  rate of change 

. of the cooling cr~n"t by gr:ipliical ixliniqiies. 'These 
very preliminary residts iwJic2tc. tliat tiic unibr~al 
t em p a  t u res. reached :it t hc 1uiw surkicc correspond 
~ ~ 1 1  with tlic !cnip.itilres pieJizicd by thl: dicorcti- 

. ~ 3 1  curve based 011 !Iv: rclationsliip hetv:ccn conduc- 
tivity and tc!npcratt:rc r c r  1111xr fj1ic.s (ref. 11-12). 

I n  sumi~i:~ry, the suriace-!cmpera!urL. data for 
lunar nigiit :ind tlie u:i:t.ral p r t  t)i llic August 6 
eclipx support tlic conclusion that tlic iippcr rciv 
cc1itl:iictcrs of tlic !un:ir-surlhcc niatcri,tl ti;iw 3 

thermal conducti~ity-versus-tcmpernture relationship 
similar to that found for samples of liinar fine% 
nieasured I n  the laboratory. The !unar nigh ttiiiie 
obseivations revea? 3 substant id  conductivity gratlirnt 
with dcpth that probably results f rom increacing 
material density with depth. 

DISCUSSION OF HEAT-FLOW- 
EXPERIMENT RESULTS 

Local Topographic Effects 

. . .  
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FIGURE 1 I-l2.-Surface cooling as a function of  time for 
thc first' lunar night, as dcducrd from thcrniocoup!e 
measurements. Two tiicorztial cunei  3re givcn 3s rcfcr- 
ences. Curve A is the cqxctcd curve for a conductivity 
increase with dcpth, s t a  tin2 a l  a d-pth of S cm; cuive D is 
the theorctical c I:WC for a tl'illl)c:;itlire-dcy-ndcnt con- 
ductivity. l'he data from refcrcncc 11-16 are iilsludcd for 
comparison. Conductivity as a fi!nc!icn of dcpth for the 
curve A data is shown in the inset. 

matcrials of differing thermal conductivity. Such 
interfaces, if present at all, >re Iuddcii in the lunar 
iiitcrior, and only a qurtlirative disccsjioIi oi tile 
cffc.cts caii bc givcii. 

Probe 1, from which data isere used for the 
prclirninsry t1ctcrni i ; i~t ion o i  hc:it flow, is locatcd in 
a snidl crater t ! ~ !  113s bccn :iliiiost Iillcd a i d  iic,cr!y 

oblitcr3tcd by I ~ t c r  buirib;~:Jnic~~t.  The topogr:ipiiy 
associated v;ith [hi:; old cratc: is so strbJwd ! l i t i t  IIL'  

correction for  ttic iupugi;pI:y is rcqUiicJ. I I ~ I w w c ~ .  
the possibility ,rciiinlris t1i: i t  :;IC e w n t  t h a t  prod~ icd  
this crater also locally alxrcti b c ~ h  the thickness And 

the ptipicd properties of the regolith. 1'11~ truth of 
this hypiiksis  caiiiiot be vcrified hccausc no d)servu. 
tioiial cvidciicc is ;ivail.;iblc; I~owsver, aftcr tlic data 
from probe 2 J1:ivc bccn Jiialyzcd, a coinparison of 
the two Iicst-flow V ~ I U C S  niay providc iilorc informa- 
tion. - Thc two most conspicuox and impo::ant topo- 
graphic feaiirres r!ex' the licnt-flow-espcri,liciit sitc 
arc lladley Kille and ilic hpeiiniiic Fioiit. The 
t o p o p p h i c  effect of the riile was calcirlateii by' 
fitting the rille profile wi:h it two-dimensional !,ees- 
type valley (refs. 11-17 and 11-18). This procedure 
results in a correction of 4.5 percent, a:.d fiirtiicr 
allowance fr?r the Elbow, where the r i k  abruptly 
changes direction, reduces the correction to 3.5 
percent. 

A secofid effect of the topograpliy around the 
Hadley Rille site is that ?he surface in tiie area is 
shaded during part of the day; consequcritly, the 
average surfacc temperature is lower t11m tla t por- 
tions of the lunar surfsce. l h i s  local cold-spot effect 
has been estimated quantitatively in two ways. The 
radiation balance for a poin! halfway down the ri!k 
wall (including factors for iricvming so!ar radia:ioa 
and radiation fioni the opposite wall), at  approprixte 
times of the lunar dsy, was ca!ciilatcd aiid useti io 
derive the mean temperature in the rille. Alterna- 
tively, the temp!x!ure a t  the vertex of the rille, 
which was assumed to  have a synirnctrica! V-shap:, 
was calculated from thc solar input 31onc; for this 
geometry, the vertex sees neither wali. The tempera- 
ture was assumed to var; lirxarly from the v t m x  tc! 

the top of the rille. The radiatio~-balance ne thod  
resulted in a correction of 5 to 10 percent, and the 
vertex method resulted in a correctiori of 10 to 20 
percent. The former value is considcrcd to be the 
mare reliable, mainly because the profile of the i i k  
does not p:+rticularly rescnible d V-shape. A coirec- 
tioii of 10 percent is considered to be reasoiiably 
closc to thc uppci limit of the effect that results from 
the coici rille wall. 

Thc tliermal efrcct of die Appen!iine Front w x  
estiiiiatcc! in  3 preliminary wa;; frclni :he tv;u-dirnmn- 
siond-slop: methed of L.rtc!ic!?hrcc!? !ret. 1 1 -! 9). H y  
assuliiiiig two-diniciidmal synimctty, :!IC c!Jivc; L;I 

by I.zcl~~.iibrricli indicate t h a t  the corrcctio:i. \~~!iich is 
ncg;itiv.c iri this C;ISC. is 10 perccnt ;it a i n x x i i ~ ; u r ~ ; .  

Actuaii) , tlic hcnt .flubv-r\rpcrimcnt sile ir, in an 
enibnyincrlt i!i tlic ApCii1iitic i :n)nt,  w!i'ic!i ir!v.!l!rlatvs 
the tv/u-du;iensional appro>.i!li>tioii arid rcdiiccb the 
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cnrrcition. A corrcc!io:i of 5 pcrccnt w o d d  !>e :IIOYC 

rcalistic. 
In siiiiiiiiay, the topgraphic  cffcct of I ladley 

Killc is apprw.i.xi!cly cmcclcd by tlic effect of thc 
Apcnniric I: ron!, w l i ~ l :  lcuccs only thc cold-spot 
cffcct of the rillc 3s 3 rciiiiiiiiig correction resulting 
froiii the visiblc iopography. l h i s  latter correction is 
the largest c'orrcction, in m y  CJSC, 2nd seems most 
likely* to npprosiiiiat~ 10 pcrccnt of the nicasured 
heat flow. 

Implications of the  Results 

I n  this scciion, the v i w  was adopted that thc heat 
.flow obscived at, thc Ikidley Rille siie is rcprcscnta- 
live of tlie moonwide u lue , . in  spite of tlie possibi!i- 
ties 6f local atid regional disturbances and large-scale 
variations in thc lunar he3t flow. Thus, the iiieasure- 
ment is considered a t  face value, with i u I I  reaiization 
that future nteasurcmcnts may produce nicljor 
changes in the conclusions. Bccausc of the prelimi- 
nary nature of the ;csul:s, simple models were used 
for this report. Only ;he linea1 equation of hcat 
conduction was considered, for w h c h  tlic therrnd 
diffusivity was constant. 

The value that is considcred to  be an upper limit 
to the heat flow rt:sui!ing from the initial heat is 
cdci;!:tcd by  ;is;uming !hat, a t  the end of a convcc- 
live siage in  the early h i s tov  of the h-loon, tempera- 
tures throu$out the Moo!? lay along thc solidus for 
lunar bxn!t (ref. 11-20). Attar  3 X IO9 yr, thc liest 
flow resulting from these very high initial tempera- 
tures is in the range of 0.2 X to 0.4 X 10" 
W;ciii2. If, as s~iggc~tec! by the greater ages of all 
known Iiinn: rocks, p i  tiol  niclting throughout the 
Moon 1oc.k place 'earlier, still lower vnlues of heat 
flow would Lc ass0ci;itc.d with the initial heat. I t  is 
likely tlia: the assuincil initial teiiipcrattlres are too 
high: however, by rcvisiiig the a m  nicd tcrnpcraiurcs 
downward. tlie f lus  from tI;c initial h t  is furilicr 

. reduced. 'The initial hcit  contributes littls to t1.c 

. .  

. 

prcscrit luii:ir ~ i c ; i t  tlow:' and  tlir c w t i  iIiution c x  be 
iicglcctcd fw :mscitt prposcs .  

Tlic miijor portion of tlic 1icr:t llow from thc Moon 
probably rcsitlts from radioactive lie31 gciicration in 
tlic iiiteritx. It is possible to ccwtruc t  ;in infinite 
nuinbcr o f  iiiodc'ls bascd on nonuriiform distributions 
of rxiioactivity; Itowcver, in this rcport, tlie discus- 
sion was confiwd to considcration of the Xloou as a 
sphere wiih uiiiforni and constaiit interlid lieat 
generation. Thc ratio of the surface heat flow q 
(expressed . in  I 0-6 \V/c~ii' ) nntl tlic heat production 
Q ( txprc jxd  i n  \Vjcni3) is shown for scveral 
tines in the follwving list. 

Time, yr dQ, em 
3 x 109 3.22 x 107 
4 3.55 
5 3.89 
Infinite 5.78 

With a lunar heat flow of 3.3 X IOd W/cm2, the 
vdue of Q must be in the niige of 0.57 x to 
I1)X 10-u\V/~t1~3. This nuniberis i a r  lower than thc heat 
production of lunar basalt, which has a valuc of 
approximately 3.5 X IO-' ' Wicm3. tiowever, the 
basaltic rocks 31c prestiina5ly Jiifcrmtiates that are 
far more ratioxtive than the p3reiit materid. On the 
other hand,  ordinary choiitlrit,c a i d  type 1 iaibona- 
i euu j  c1ionLri:cs geiicratc heat a t  rates of approxi- 
mately 0.17 X and 0.22 X IO-13 W/cni3, 
rcspectively. The respective average rates of l i c i t  
gneratioii o w  t!ic last 4.5 X io9 yr  are 0.61 x 

arid 0.67 X IO-" \*J/c11i3. Even these last 
figures are L:trcly surficicnt to pravidc the n c c e x r y '  
llux. 'Thc concliision' is that,  if  the o5served lanar 
licat tlow origicitss from rd ioxt ic icy ,  then thc 
l!oon must be iiiorc radio;ictiv,: t h a n  tiic cl,isjcs of 
nxtcoritcs i l i a t  have forll1c.d tlic b;isis of E x t h  and 
?,!eon iiiodcls i!i tlic p s t .  

. .  
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APPENDIX 
Equilibration of an Infinitely Long Cylinder 
in a l~on-~ogeneous hlediurn by Conduction 

In thjs appendix, the theory of the cooling of a 
cylinder by coriductioii is rcvicwcd and applicd to the 
heat-flw probe. Cylindric:illy slinped probes are 
commonly used in mding gcothern~d measurements. 
and, as a consequence, the theory of heat !low in 
cylindrical coordinates hns been thorouglily investi- 
gated (refs. 11-1 1, 11-14, and 11-21). The investiga- 
tion of the effect of 3 finite contact resistance 
between a cylinder and the surrounding medium (ref. 
11-14) is Farticularly applicable to probisms of the  
cooling of the lunar probes. In this appendix, the 
solution (ref. 11-14) has been cstended to a some- 
what more complex n:odel that includes a solid 
cylinder inside a thin-walled concentric cylinder 
which, in turn, is surrounded by an iiifiriitc medium 
with a conductivity k .  The cylinders are assumed to 
be pcrfect conductors; that is. each cyiirider is 
i s o t l ~ ~ r ~ ~ i ~ l ,  xshich is very r.:xly true in .the case of 
tlie Iicat-fld\\' piobe. Coniact resistances esist at the 
two cylindric31 boundaries. In this mode1, the inner 
cylinder is 317 idealization of the heat-flow probe, 
which is radiatively coupled to the borestem (the 
concentri: cylinder). The brirestciii, i;i t u n ,  IGSCS 
heat by conduction to the surroundlrig regolith, of 
conductivity l i ;  through a thin zonc of lunar material 
that 1x1s hccn disturbed by drilling and, hence, has a 
d i f f c m t  ccnductivity. Tlic initial teniperaturc of the 
su;iounding infinite medium is zero; and, initially, 
the two inner cylinders iiavt. a temperature v 0 .  

By defining thc diincnsionless paraIiictrr r as .f/b2 
(nhcrc t; 'is the thc rm~l  tli!'t usivity of the surrounding 
infinitc mc.c!ium, t is time in scconds, and b is thc 
radius of tlic outerliiojt cyliiider), the ratio of ihe 
inncr-cylindcr tenipernturc 147) to the inner-cylinder 
initkil te!iipc'iatiire vu is given by 

. .  where 

Q = 2nh2pcl(S1 i 3,) 
h = k/bH, 

B = yK/b2 

u =.radius of the inner cy!indcr (heat-flow probe) 

b = outer radius of the conc?!itric outer cylinder 

S1 ,,S2 = thermal heat capacities pcr unit lengt!i of the 

' 

A = SirK/b'(S, + S j )  

y = S1/2lTizH, 

in centimeters 

(borestciii) in centimeters 

inner and outer cylinders, respectively, 
W-scclcni-K 

H l , H 2  = contact conductances zt the inner- arid outcr- 
cylinder boundaries, it3s;)t<ctivcly, \i'/ctii2 -K 

p = density of the surrounding materisi, g;ci;l3 
c = heat capacity per unit n m s  of thc surround- 

k= thermal conductivity of tlie silriciui1ding ma.  

K = thermal diffusivity (k lpc )  of the surroundiiig 

ing material; W-sec/g-K 

teriai, \\'/cm-K 

. material, cm2 lsec 

Also,Jo(ti), J I  ( 1 0 ,  Yo(u) ,  and Y ,  (u) are the zero- and 
first-order Bessel fupctions of the first and second 
kinds. 

By followins the met!iod described in rzfcrtnce 
11-1 1, the cspiession on the rigfit-h3nd side of 
equation (1 1-1 2) can be redcsigrmcd ;(A,h,a.~); 
thcreforc. equation (1 1-12) can bz w;ittcn as a p ( ~ ) , ' a ~ , ,  

= f(A,h,a,r) .  A iiiore complztc derivatisn ot' c q ~ a -  
tion [ 1 1- 12) 31!c! tliz rvsultiiig t:tb:ih tctl ~ Y I L I C ' ~  54,i!! :jc 
pbi i shcd  at a later dnte. Two typical pluts of 
j { A , h , a . ~ )  arc: sliown in figure i i-8. l'ix valucs ol- A 

. 
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f and /I2 t h t  wcrc uscd for coiiiputing tlic tlicoretical 
curves arc given in  table 11-11. OLlicr p~raiiietcrs a rea  
= 3.33, /II = 3.25 x I 0"' \\'/cm2 - fc, y = 445 SCC, 

and n and b art: 0.95 and 1.259 cni, respcctivcly. 
By using nsymptotic va1:ies of the llcssel fiinstions 

for l a r g  valucs of 7 (after a niethod outlined in ref. 
11-21). a solution that is valid for long tiincs c m  be 
derived as follows. 

. . .where hi (S )  = 0.5772 (Euler's constant). The 
long-term solution exhibits sonic interesting features 
'of the ~urictio~if'(rl,h,a,r). At long times (7 > 20), the 
function beconics neaily equal to (2a7)-', or 
(4knf/S, + , which is independent of pc. A 
log-log plot of f(:1 , I : ,~ . ,T)  is shown in figure 1 1 -S; for 
long times, the function describes a straight linc with 
a slope of very nearly -1. This property of t k  
function enables tiie temperature histories to .be 
extrapolatzd t o  equilibrimi valu.es by the procedure 
described in the text of this section and a vdue fork 
to be determined independently of pc from longtime 

. . portions of the equilibration curves. In addition, as 
shown by equation (1 1-13), the contact conductances 
11' and lft, bvliich are contained in the constants y 
and h, become lcss hipoitan! with time (because ihey 
BIC multipfiec! by P). 

' 
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